To clarify the effect of superoxide dismutase (SOD) on the formation of hydroxyl radical in a standard reaction mixture containing 15 M of xanthone, 0.1 M of 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and 45 mM of phosphate buffer (pH 7.4) under UVA irradiation, electron paramagnetic resonance (EPR) measurements were performed. SOD enhanced the formation of hydroxyl radicals. The formation of hydroxyl radicals was inhibited on the addition of catalase. The rate of hydroxyl radical formation also slowed down under a reduced oxygen concentration, whereas it was stimulated by disodium ethylenediaminetetraacetate (EDTA) and diethyleneaminepentaacetic acid (DETAPAC). Above findings suggest that O 2 , H 2 O 2 , and iron ions participate in the reaction. SOD possibly enhances the formation of the hydroxyl radical in reaction mixtures of photosensitizers that can produce O 2 ÀÁ .
To clarify the effect of superoxide dismutase (SOD) on the formation of hydroxyl radical in a standard reaction mixture containing 15 M of xanthone, 0.1 M of 5,5-dimethyl-1-pyrroline N-oxide (DMPO), and 45 mM of phosphate buffer (pH 7.4) under UVA irradiation, electron paramagnetic resonance (EPR) measurements were performed. SOD enhanced the formation of hydroxyl radicals. The formation of hydroxyl radicals was inhibited on the addition of catalase. The rate of hydroxyl radical formation also slowed down under a reduced oxygen concentration, whereas it was stimulated by disodium ethylenediaminetetraacetate (EDTA) and diethyleneaminepentaacetic acid (DETAPAC). Above findings suggest that O 2 , H 2 O 2 , and iron ions participate in the reaction. SOD possibly enhances the formation of the hydroxyl radical in reaction mixtures of photosensitizers that can produce O 2 ÀÁ .
Key words: hydroxyl radical; superoxide dismutase; xanthone; UVA; Fenton reaction
Reactive oxygen species such as oxyl radicals (hydroxyl and alkoxyl), singlet oxygen, and superoxide radical anions are generated not only in vitro but also in vivo. 1, 2) The free radicals and reactive oxygen species are associated with many pathological conditions such as ischemia reperfusion. Of the various oxidative stresses, UV irradiation is one of the primary factors. Indeed,
, and nitric oxide were observed under UV irradiation. 3, 4) Chronic exposure of mammalian skin to solar UV irradiation induces a number of biological responses, including erythema, edema, sunburn cell formation, hyperplastic responses, photoaging, and skin-cancer development. [5] [6] [7] [8] [9] [10] The skin damage is not caused entirely by UVB. UVA appears to participate greatly in the damage.
Because only a little UVA can be absorbed by biological molecules, the UVA-induced damage is mediated by endogenous and/or exogenous photosensitizers.
Photosensitized damage to biomacromolecules, such as DNA and protein, participates in photogenotoxicity of drugs and solar UV carcinogenesis. Various endogenous molecules and natural products act as photosensitizers. Of the photosensitizers, xanthone and its derivatives have been extensively examined for UVA-induced DNA damage. 11, 12) It has been found that xanthone mediates the photosensitized decomposition of fatty ester hydroperoxides to produce oxyl radicals 13) and hydroxyl radicals, 14, 15) but to our knowledge, no study focusing on molecular oxygen-derived radicals has been performed. In this study, we detected hydroxyl radical and clarified the reaction mechanism in a reaction mixture of xanthone under UVA irradiation.
Of the active oxygen species, hydroxyl radical is one of the potent oxidants. It is generated through the Fenton reaction (Eq. 1):
The Fe 2þ ions in the above reaction can be supplied through the reduction of Fe 3þ ions by superoxide anions. Hence, SOD is thought to act as a protective reagent against the cytotoxicity of active oxygen species, since it dismutates the superoxide anions that can reduce Fe 3þ ions. 16) We attempted to evaluate the effect of SOD on the reaction mixture of xanthone under UVA irradiation using electron paramagnetic resonance (EPR) combined with the use of spin trapping technique in the present study.
Materials and Methods
Materials. Xanthone and disodium ethylenediaminetetraacetate (EDTA) were purchased from Wako Pure Chemical Industries (Osaka).
5, 5-Dimethyl-1-pyrroline N-oxide (DMPO) was from Tokyo Kasei Kogyo (Tokyo). Diethylenetriaminepentaacetic acid (DETAPAC) was from Nakarai Chemy To whom correspondence should be addressed. Fax: +81-73-441-0772; E-mail: chem1@wakayama-med.ac.jp Abbreviations: SOD, superoxide dismutase; DETAPAC, diethyleneaminepentaacetic acid; EDTA, disodium ethylenediaminetetraacetate; EPR, electron paramagnetic resonance; DMPO, 5, 5-dimethyl-1-pyrroline N-oxide icals (Kyoto). SOD and catalase were from SigmaAldrich (St Louis, MO). Hydrogen peroxide (H 2 O 2 ) was from Mithubishi Gas Chemical (Tokyo). All other chemicals used were of analytical grade.
EPR studies. EPR experiments were carried out on a JES-FR 30 Free Radical Monitor (JEOL, Tokyo). Aqueous samples were aspirated into a Teflon tube centered in a microwave cavity. Operating conditions of the EPR spectrometer were as follows: power, 4 mW; modulation width, 0.1 mT; center of magnetic field, 337.000 mT; sweep time, 4 min; sweep width, 10 mT; time constant, 0.3 s. Magnetic fields were calculated by the splitting of Mn 2þ (ÁH 2{3 ¼ 8:69 mT).
Standard reaction mixture. The standard reaction mixture contained 15 mM of xanthone, 0.1 M of DMPO and 45 mM of phosphate buffer (pH 7.4) in a quartz test tube (100 mm long Â 8 mm i.d.). In order to determine the effects of SOD, EDTA, and DETAPAC on the formation of hydroxyl radical, 1,000 units/ml of SOD, 0.1 mM of EDTA, or 0.1 mM of DETAPAC was added to the standard reaction mixture. The mixtures were exposed to 13 J/cm 2 of UVA light under aerobic conditions using a 400 W of UV lamp, (22.5 mW/cm 2 , max ¼ 365 nm; Asahi Spectra, Tokyo) placed at a distance of 2.5 cm. After 10 min of irradiation, EPR spectra were measured.
Results
Detection of hydroxyl radicals in the reaction mixture of xanthone under UVA irradiation EPR spectrum of the standard reaction mixture of xanthone was measured under UVA irradiation. A prominent EPR spectrum ( N ¼ 1:49 mT and H ¼ 1:49 mT) was observed in the standard reaction mixture (Fig. 1A) , suggesting that hydroxyl radical formed there. The EPR spectrum was hardly observed in the standard reaction mixture without xanthone (or UVA irradiation) ( Fig. 1B and C) .
UVA energy-dependence of EPR peak height was measured. The EPR peak height increased with increases in UVA energy (Fig. 2) .
Effect of SOD on the formation of hydroxyl radicals
To investigate the effect of SOD on the formation of hydroxyl radicals, EPR measurement was performed for the standard reaction mixture with SOD (Fig. 3 ). On addition of 1,000 units/ml of SOD, the EPR peak height increased to 204 AE 4% of standard reaction mixture. The findings also indicate that DMPO/ . OH does not form via decomposition of DMPO/ . OOH 17, 18) and O 2 ÀÁ forms in the standard reaction mixture.
Effect of catalase on the formation of hydroxyl radicals
To investigate the effect of catalase on the formation of hydroxyl radicals, EPR measurement was performed for the standard reaction mixture with SOD on addition of various concentrations of catalase. When 7.6 units/ml of catalase was added, the EPR peak height decreased to 60% of the standard reaction mixture with SOD. The EPR peak height decreased with increases in the catalase concentration (Fig. 4) .
Effects of EDTA (and DETAPAC) on the formation of hydroxyl radicals
To investigate whether iron ion participates in this The reaction and EPR conditions were as described under ''Materials and Methods.'' reaction, the effect of iron chelators such as EDTA and DETAPAC on hydroxyl radical formation was examined in the standard reaction mixture with SOD. The addition of 0.1 mM of EDTA (or 0.1 mM of DETAPAC) resulted in significant increases in EPR peak height (EDTA, 141 AE 17% of standard reaction mixture with SOD; DETAPAC, 130 AE 2% of standard reaction mixture with SOD). In order to determine the effects of EDTA (and DETAPAC) in the presence and absence of SOD, EDTA (and DETAPAC) was added to the standard reaction mixture without SOD. The addition of 0.1 mM EDTA resulted in a significant decrease in EPR peak height (67 AE 3% of standard reaction mixture without SOD).
Reaction under reduced oxygen concentration
To determine whether molecular oxygen participates in the reaction, it was performed under reduced oxygen concentration. After bubbling the nitrogen gas through the reaction mixture, the mixture was exposed to 13 J/cm 2 of UVA light. The EPR peak height decreased to 53 AE 7% of the standard reaction mixture with SOD.
Reaction of H 2 O 2 with UVA To determine whether the hydroxyl radical forms through UVA decomposition of H 2 O 2 , EPR spectra were measured for the reaction mixture containing 1 mM of H 2 O 2 , 0.1 M of DMPO, and 40 mM of phosphate buffer (pH 7.4) after 10 min of irradiation. A small EPR signal of DMPO/ . OH radical adduct was observed. The peak height was 12 AE 2% of that of standard reaction mixture with SOD.
Discussion
In the present investigation, it was found that the formation of hydroxyl radicals was enhanced by SOD in the standard reaction mixture under UVA irradiation. Since hydroxyl radicals are known to be very reactive towards proteins, lipids, and nucleic acids, the hydroxyl radicals observed here might have been a trigger for cell damage and might have had highly deleterious effects on cells.
We present possible reaction paths for the formation of hydroxyl radicals (Fig. 5) . The excited sensitizer (xanthone) Ã , which is produced under UVA irradiation, might release an electron to molecular oxygen (Eq. 2-1). Indeed, the EPR peak height decreased considerably under reduced oxygen concentration.
Thus the superoxide radical is perhaps formed. SOD readily dismutes the superoxide radical to form H 2 O 2 and molecular oxygen (Eq. 2-2). 19) Then the reaction (Eq. 2-1) proceeds in favor of the formation of superoxide ions on the addition of SOD: (
An addition of an iron chelator, EDTA or DETAPAC resulted in a significant increase in EPR peak height, suggesting that iron ions are contained in the reaction mixture. It has been reported that sodium phosphate buffer might be contaminated by iron. 20, 21) Concentration of the iron ions was determined with an atomabsorption spectrometer. It was found to be 1:5 AE 0:3 mM. 22) Iron ions appear to be essential for this reaction. Ferrous irons perhaps form through reduction of ferric irons by superoxide radical anions. Thus the Fenton reaction appears to participate in the reaction (Eq. 1).
On addition of catalase, the EPR peak height decreased with increasing catalase concentration (Fig. 4) , supporting Eq. 1. The hydroxyl radical does not appear to form through UVA decomposition of H 2 O 2 in this reaction. Indeed, EPR measurement showed that only a small amount of hydroxyl radical formed in the reaction mixture containing 1 mM of H 2 O 2 , 0.1 M of DMPO, and 40 mM of phosphate buffer (pH 7.4) under UVA irradiation.
This finding is quite surprising, since SOD is generally considered to be an antioxidant. It might have deleterious effects rather than protective ones with respect to the cytotoxicity of active oxygen species under conditions like those prevailing in the present system. Some investigators have reported that SOD enhances cytotoxicity due to active oxygen species. [23] [24] [25] [26] [27] A prominent EPR spectrum was observed in the standard reaction mixture without SOD (Fig. 1A) . Since dismutation of O 2 ÀÁ occurs spontaneously, hydroxyl radical appears to form in the reaction mixture.
In order to examine the effect of EDTA or DETAPAC in the presence and absence of SOD, EDTA or DETAPAC was added to the standard reaction mixture with or without SOD. EDTA enhanced hydroxyl radical formation in the standard reaction mixture with SOD, while it inhibited it in the reaction mixture without SOD. These results suggest that electron transfer from an EDTA/Fe 2þ to the exited xanthone hardly influences the rate of hydroxyl radical formation. In the presence of SOD, the reaction from O 2 ÀÁ to H 2 O 2 is fast enough to ignore the effect of EDTA. Therefore, EDTA possibly accelerates the reaction from H 2 O 2 to Á OH. On the other hand, EDTA slowed down the rate of hydroxyl radical formation in the absence of SOD. Since EDTA accelerates the reaction from H 2 O 2 to Á OH, it appears to inhibit the reaction from O 2 ÀÁ to H 2 O 2 in the absence of SOD (Fig. 5) . In order to determine whether H 2 O 2 forms in the reaction mixture without SOD, we examined the effect of catalase on the formation of hydroxyl radical in the absence of SOD. When 7.6 units/ml of catalase was added, the EPR peak height decreased to 61% AE 9% of the standard reaction mixture without SOD, suggesting that H 2 O 2 forms in the reaction mixture without SOD. 
